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ARTICLE INFO ABSTRACT

Editor: E. Anthony Arctic sea-ice is declining in extent, leaving coastlines exposed to more storm-wave events. There is an urgent
Keywords: need to understand how these changes affect geomorphic processes along Arctic coasts. Here we describe spatial
Arctic and temporal patterns of shoreline changes along two geomorphologically distinct, storm-wave dominated

Coastal erosion reaches of the Chukchi Sea coastline over the last 64 years. One study area encompasses the west- to southwest-

Permafrost facing, coarse-clastic shoreline and ice-rich bluffs of Cape Krusenstern (CAKR). The other covers the north-
Remote sensing facing, sandy shorelines on barrier islands, ice-rich bluffs, and the Cape Espenberg spit in the Bering Land Bridge
Sea-ice

National Park (BELA). Both study areas lie within the zone of continuous permafrost, which exists both on and
offshore and outcrops as ice-rich bluffs along the BELA coast. We mapped changes in coastal geomorphology
over three observation periods: 1950-1980, 1980-2003, and 2003-2014 using aerial and satellite imagery. We
then compared these geomorphic changes to changes in sea-ice coverage, which declined ~10 days per decade
between 1979 and 2016 in the southern Chukchi Sea. Changes in coastal geomorphology in both BELA and
CAKR exhibited high spatial variability over the study period. Between 2003 and 2014, shorelines of barrier
islands in BELA exhibited the highest mean rates of change, —1.5m yr ™, while coarse, clastic barrier beaches in
CAKR showed only minimal change. Overall, shorelines in both BELA and CAKR became more dynamic (in-
creasing erosion or increasing accumulation) after ca. 2003, with spatial variability in shoreline changes roughly
doubling between the first period of observation (1950-1980) and the last (2003-2014). This increase in coastal
dynamism may signal a transitional period leading to new state of geomorphic equilibria along these ice-affected
coastlines.

1. Introduction

Approximately 34% of Earth's coastlines border Arctic seas above
60°N (AMAP, 2012; Lantuit et al., 2012). Despite being protected from
wave action by the presence of sea-ice for 8 to 9 months of the year
(Belchansky et al., 2004), some Arctic shorelines are markedly dynamic
(Barnhart et al., 2014a; Jones et al., 2009). Warming climate, loss of
permafrost, shifts in sediment supply, a decline in sea-ice cover and an
increase in storms during the lengthening open water season (Lawrence
and Slater, 2005; Stocker et al., 2014; Wang and Overland, 2009)
threaten to trigger rapid and possibly drastic changes in coastal erosion
and accretion in the Arctic over the coming century. Yet because of the
cryosphere's nonlinear responses to climate change (Cohen et al., 2014;
Miller et al., 2010; Serreze and Barry, 2011), and because of the

nonlinear responses of coastlines to changing wave regimes (Komar,
1998; Stive et al., 2002), it is poorly understood how Arctic coastlines
will respond to ongoing climate changes.

Sea-ice extent and duration, and onshore and offshore permafrost
strongly influence Arctic coastal dynamics in space and time, specifi-
cally with respect to changing climate. Sea-ice is an important mod-
erator of wave fetch and water temperature, and it shields coastlines
from wave action, often for considerable portions of the year. The
duration of sea-ice cover in the Arctic has declined by ~13% per decade
since satellite observations began in 1979 (www.nsidc.org). Over the
last ca. 40 years, the duration of landfast ice (ice seasonally frozen to
the shoreface) in the Chukchi sea has declined one week per decade
(Mahoney et al., 2014). The impact of sea-ice decline has already been
observed through an increase in wave fetch, height, and swell size in
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Fig. 1. The study region with Bering Land Bridge National Park and Preserve (BELA) and Cape Krusenstern National Monument (CAKR) outlined in grey.

Arctic seas (Francis et al., 2011; Overeem et al., 2011; Thomson et al.,
2016; Thomson and Rogers, 2014), and the lengthening open-water
season has resulted in increasing wave energy available for coastal
erosion and sediment transport (Overeem et al., 2011). Another im-
portant effect of the changing sea-ice regime is the increased prob-
ability that autumn storms will make landfall before the winter ice has
re-formed (Forbes, 2011). Storms occurring during the ice-free season
generate the most geomorphologically significant wave events along
Arctic coastlines and hence strongly influence coastal processes
(Barnhart et al., 2014b; Mason et al., 1996).

Permafrost in the coastal zone affects shoreline geomorphic pro-
cesses that occur over multiple temporal scales. Rising air and water
temperatures are accelerating the thaw of permafrost, which is desta-
bilizing some Arctic coastlines (Barnhart et al., 2014a; Giinther et al.,
2015; Kasprzak et al., 2017). Long term permafrost monitoring sites
onshore in northern Alaska show an increase in temperature at 20 m
depth of between 0.21 °C and 0.66 °C decade ™! between 1995 and 2015
(Romanovsky et al., 2017). Mean annual, ground temperatures in the
Bering Land Bridge National Park and Preserve (BELA) are projected to
increase by up to 3°C by 2050 (Panda et al., 2016). Warming is also
evident offshore where the sea-surface temperature (SST) of the
Chukchi Sea has risen by 0.5°C per decade sincel982 (Timmermans
and Proshutinsky, 2015). Among the potential impacts of permafrost
thaw are more rapid erosion of ice-rich bluffs, which in some regions is
already occurring with great rapidity (Jones et al., 2009). Another
possible impact is an increase in sediment supply due to permafrost
degradation along streams that supply sediment to barrier beaches,
foredunes, spits and barrier islands that may now be sediment-poor.

Here we use repeat aerial and satellite imagery to estimate rates of
shoreline change between 1950 and 2014 along two geologically dis-
tinct coastlines in the southeastern Chukchi Sea. Each study area con-
tains several, distinctly different geomorphological subunits, and to-
gether encompasses 480 km of sea-ice affected coastline. We address
these questions: 1) How variable have erosion and accretion been along
these permafrost coastlines over the last 64 years? 2) Have different
types of coastal geomorphology responded to sea-ice decline differ-
ently? 3) If ongoing trends in climate continue, how will these coast-
lines change over the coming centuries? By addressing these questions
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we provide new insight into coastal dynamics in the Chukchi Sea, a
region whose geomorphic responses to ongoing climate change have
been little studied compared to the Beaufort Sea coast.

2. Previous studies

The coastal dynamics of permafrost-affected shorelines have been
studied primarily along the Beaufort Sea coast (Hume and Schalk, 1967;
Jones et al., 2009; Jorgenson and Brown, 2005; Mars and Houseknecht,
2007), the Beaufort Sea coast of Canada (Harper, 1990; Hequette and
Barnes, 1990; Lantuit and Pollard, 2008; Radosavljevic et al., 2016;
Solomon, 2005), and the Arctic seas of Siberia (Giinther et al., 2015,
2013). Much of this research has focused on the often spectacular
erosion of ice-rich permafrost bluffs (e.g., MacCarthy, 1953; Jones
et al., 2009; Giinther et al., 2015), and to a lesser extent on the dy-
namics of Arctic barrier-island systems (Gorokhovich and Leiserowiz,
2012; Harper, 1990; Hequette and Ruz, 1991). Only a few studies (in-
cluding Hequette and Ruz, 1991 and Radosavljevic et al., 2016) have
explored how permafrost-affected Arctic coastlines of mixed mor-
phology and grain size respond to sea-ice decline and permafrost thaw.

Previous studies of coastal dynamics in the southeastern Chukchi
Sea measured rates of coastal change between 1950 and 1980 using the
“instantaneous water line.” This is the position of the land-water in-
terface when a remote-sensing image is acquired (Boak and Turner,
2005) and is used as an estimate of shoreline position (Manley et al.,
2007). Mean rates of change in the instantaneous water line along the
BELA and CAKR coastlines suggested an overall erosional trend be-
tween 1950 and 1980, followed by an overall accretional trend between
1980 and 2003 (Gorokhovich and Leiserowiz, 2012). Defining shoreline
position based on instantaneous water lines is problematic in a place
like the Chukchi Sea where relative sea level can change by > 1 m in
response to short-lived storm surges. Despite the low tidal range of
approximately 25 cm (tidesandcurrents.noaa.gov), we observed that the
gently sloping beaches of BELA allow the water line to shift landward
by several meters during an average diurnal cycle.
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Fig. 2. Directions of wave approach and significant wave height along the BELA and CAKR coastlines during 2014.

Modified from http://wis.usace.army.mil/.

3. Study area
3.1. Climate and weather

BELA and CAKR are located between 65° and 67°N and comprise the
shores of Kotzebue Sound and the southeastern Chukchi Sea (Fig. 1).
The region is situated within a zone of continuous permafrost and has a
mean July air temperature of 13°C, a mean annual temperature of
—5°C, and mean annual precipitation of 25cm (NCDC 1981-2010
monthly normals for Kotzebue, http://www.wrcc.dri.edu/). In both
BELA and CAKR, the predominant wave approach is from the NW
(Fig. 2) (http://wis.usace.army.mil). Wave heights during the ice-free
season average 0.9 and 0.8 m along the BELA and CAKR shorelines,
respectively (http://wis.usace.army.mil/). A NOAA tidal gauge is lo-
cated in the north of CAKR, and the annual, mean tidal range at this site
is 25 cm (tidesandcurrents.noaa.gov/).

Despite the Chukchi Sea's micro-tidal regime, RSL can change up to
4m in response to storm surges (Blier et al., 1997; Fathauer, 1978).
Most storms arrive from the Arctic Ocean in the form of polar lows
(Rasmussen et al., 2004) and the waves generated by these storms
during the ice-free period are the primary drivers of coastal sedimen-
tary and erosional processes in both BELA and CAKR. Storm intensity in
the Chukchi Sea peaks in the autumn and winter (Mason et al., 1996)
when low-pressure systems can generate waves reaching > 10m
(https://www.ncdc.noaa.gov/stormevents/). Shallow water depths of
20 m or less extend 15-25km offshore (Fig. 1) and contribute to the
intensification of the resultant storm surges.

3.2. Sea-ice

In the southern Chukchi Sea, sea-ice typically forms in mid-
November and persists until mid-June, leaving only five months of open
water on average (NSIDC, http://nsidc.org/data). Landfast ice expands
seaward beginning in October, eventually extending up to 10 km off-
shore in CAKR and 50 km in BELA. Landfast ice begins to retreat rapidly
in May, and in most years has disappeared by mid-July (Mahoney et al.,
2014).
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3.3. Coastal geomorphology

The present coastline was established between 5000 and 3000 years
BP when relative sea level (RSL) stabilized after rising in postglacial
times to submerge the Bering Land Bridge (Hopkins, 1973; Elias et al.,
1996; Mason et al., 1995). Some coastal landforms, including barrier
islands in BELA and CAKR formed as recently as 1700 years BP (Jordan
and Mason, 1999).

Both BELA and CAKR are micro-tidal, ice-affected, and wave-
dominated coasts, but their coastal geomorphology differs markedly.
The CAKR coastline consists of a coarse-clastic, cuspate spit enclosing
Krusenstern Lagoon; its accretionary beach ridges were built by long-
shore transport of sediments derived from the erosion of rocky uplands
and stream deposits to the north (Hopkins, 1977). In contrast, the BELA
coastline is low-lying and dominated by longshore drift from the
southwest that reworks sand and silt into barrier islands and into the
recurved spit of Cape Espenberg (Farquharson et al., 2016; Lenz et al.,
2016). As detailed below, BELA and CAKR are geomorphologically di-
verse and consist of a mixture of barrier island systems, spits, foredune
plains, and ice-rich permafrost bluffs (Fig. 3). As such, they provide an
opportunity to explore how two geographically diverse, Arctic coast-
lines respond to similar changes in sea-ice regime and temperature.

3.3.1. Bering Land Bridge National Park (BELA)

The sand-dominated BELA coastline (Figs. 1, 3) is composed of two
reaches, one facing northwest into the Chukchi Sea, and the other fa-
cing northeast into Kotzebue Sound. Along the northwest-facing
shoreline, wave fetch exceeds 500 km during the ice-free season and the
predominant wave direction is from the NW (Fig. 2). In contrast,
maximum fetch along the east-facing shoreline of BELA in Kotzebue
Sound is ~100 km. Offshore of BELA, bathymetry is shallow and gently
sloping, and the 20-meter isobath lies 10 and 50 km offshore. Along the
BELA coastline, wave set-up during storms creates surges up to 4m
high, which can overwhelm micro-tidal variations (Blier et al., 1997;
Fathauer, 1978). The coastal geomorphology of BELA is a mixture of
barrier lagoon systems, ice-rich permafrost bluffs, aggrading spits, and
estuaries (Fig. 3). Shallow nearshore bathymetry, onshore storms, and
west to east long-shore drift have facilitated the late Holocene deposi-
tion of the Cape Espenberg beach ridge plain and its 0.5-3 km wide
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Fig. 3. Coastal geomorphology in the study areas. A) Stabilized and eroding foredunes in BELA, person for scale. B) A thawing ice-rich permafrost (yedoma) bluff in
the southwest reach of the BELA study area. C) Foredunes on the Cape Espenburg spit in BELA. D) Gravel barrier beach separating a lagoon from the sea in CAKR. E)
Permafrost bluffs in CAKR fronted by gravel shoreface. F) Gravel beach and beach-ridge plain at Cape Krusenstern.

Images B, C, D, courtesy of NOAA Shorezone (www.shorezone.org).

offshore sand bars, which are conspicuous east and south of the tip of
Cape Espenberg in Kotzebue Sound (Fig. 1).

The northwest-facing shoreline of BELA contains three large lagoon
systems, which reach over 400 km? in size and are separated from the
sea by low-lying barrier islands 5 to 50 km in length. The wide and
gently sloping sandy shorefaces of these barrier islands act to dissipate
wave energy. Lagoon backshores are formed by ice-rich, permafrost
bluffs that are dissected by numerous streams. Salt marshes are wide-
spread in back-barrier areas at levels ~1 m above sea level. Infilled
washover channels, abandoned floodtide deltas, former tidal inlets, and
relict en echelon foredunes provide evidence of shifts in the locations of
tidal inlets (Jordan and Mason, 1999; Mason et al., 1997). Inland of the
coast is a tundra lowland dotted with thermokarst lakes and drained
thermokarst lake basins underlain at shallow depths by ice-rich per-
mafrost (Farquharson et al., 2016; Lenz et al., 2016). The predominant
sediment in these lowlands is organic-rich silt (yedoma).

3.3.2. Cape Krusenstern National Monument (CAKR)

In contrast to the sandy shorelines in BELA, CAKR shorelines are
gravel dominated and consist of two reaches differing in aspect, one
facing west and the other southwest (Fig. 1). The fetch on the west-
facing coastline can be > 500 km during the open-water season, and
waves arrive predominantly from the NW (Fig. 2). The fetch on the
southwest-facing shoreline is less, reaching a maximum of just 100 km.
Offshore, bathymetry is characterized by a slightly steeper gradient
than at BELA (Fig. 1).

The coastal geomorphology of CAKR is dominated by gravel barrier
beach ridges backed by 3-6 m high permafrost-rich bluffs. The southern
flank of the cuspate spit enclosing Krusenstern Lagoon consists of a
broad, beach-ridge plain (Fig. 3). The lagoons are isolated from the sea
except in spring when ephemeral channels form during break-up. The
backshores of these lagoons consist of vegetated, permafrost bluffs.
(Fig. 3d). Cape Krusenstern Lagoon is large enough (30km?) to ex-
perience wave action sufficient to build an internal set of prograding
beach ridges along its shore (Mason and Jordan, 1993).
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4. Methods
4.1. Data set description

We assessed coastal change along 480 km of shoreline, including
340km in BELA and 140km in CAKR, using ortho-rectified aerial
imagery acquired in 1950, 1980, and 2003 (Manley et al., 2007a,
2007b, 2007c). In addition, we acquired panchromatic and multi-
spectral WorldView-2 satellite imagery from 2014, which was ortho-
rectified using a 2012 IfSAR-derived digital surface model and then
georeferenced to the 2003 aerial images of Manley et al. (2007c¢) fol-
lowing the procedures of Manley and Lestak (2012).

4.2. Shoreline digitization and measuring change

To estimate shoreline changes, we mapped erosion scarps (ES)
wherever they were visible. An ES is the topographic break between the
permafrost bluff, beach ridge, or foredune and the beach (Boak and
Turner, 2005). We chose to map this feature because it was visible in all
the remote sensing images and was present along significant portions of
the coastline. The main issue with using the ES, is that like other, non-
datum related proxies of shoreline position it indicates where erosion is
occurring, and only rarely allows for measurement of deposition (Boak
and Turner, 2005). In cases where an ES was not visible in the imagery,
we mapped the seaward edge of vegetation where it was obviously
controlled by high water and clearly marked by abrupt spectral dif-
ferences between vegetated and unvegetated surfaces (Boak and
Turner, 2005). If the vegetation line was diffuse, the area was not in-
cluded in the mapping.

Once the shoreline was mapped for all observation periods (1950,
1980, 2003, 2014), we calculated rates of shoreline change using the
U.S. Geological Survey Digital Shoreline Analysis Tool, (DSAS, Thieler
et al., 2009) in 50-m long shoreline segments between each time step.
Measurements were only possible in segments where the ES was clearly
identifiable on both imagery dates. In some cases, notably in the cases
of interdune areas and salt marshes, an ES was not present and was
therefore not mapped.

We compared variation in erosion rates between imagery dates
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Table 1
Annualized errors for each shoreline and time slice, given in myr~".
1950-1980 1980-2003 2003-2014
BELA 0.13 0.13 0.14
CAKR 0.11 0.12 0.19

using an F test of equality of variances. To account for spatial auto-
correlation among adjacent transects, we constructed variograms using
the R ‘sm’ package (Bowman and Azzalini, 2014; R Development Core
Team, 2016). We then inspected the variograms of the end-point rate
for the range (the distance at which spatial autocorrelation becomes
negligible) (Bowman and Crujeiras, 2013). Over most of the study area,
we found the range was < 1 km (20 transects at 50 m spacing) but that
occasionally it was as much as 2km (40 transects at 50 m spacing).
Following Lentz et al. (2013), we then reduced the F-test's degrees of
freedom, n (the number of transects), to (n/40) — 1 to compensate for
this level of spatial autocorrelation. Similarly, when testing for differ-
ences in annual mean rate of erosion between imagery dates, we used a
paired t-test with degrees of freedom reduced by a factor of 40. Error
estimates for erosion rates were calculated following Eq. (1):

_ B + Bp) + (RMS)) + (RMS,)?
At

m
Error—

yr

(€8]

where Epl and Ep2 represent the pixel resolution of the imagery, RMS1
and RMS2 are the root mean square errors from the geo-registration of
each image, and At is the duration in years of each time step (Jones
et al., 2009). Errors for each observation period are listed in Table 1.
To explore the drivers of coastal dynamics, we compared coastal
dynamics between BELA (sand-dominated) and CAKR (gravel-domi-
nated) and classified the shoreline according to supratidal-zone geo-
morphology (Table 2). Coastal geomorphology classes in BELA include
foredunes, non-foredune (barrier) and in CAKR include gravel barriers
and beach ridges. Permafrost bluffs were mapped in both study areas.

4.3. Ground-truthing

To check the accuracy of our digital mapping, we conducted field
surveys during the summer of 2015 along 40 km of coastline (20 km in
each of BELA and CAKR). In addition, we did low-elevation aircraft
flights along 150 km of the BELA coastline and 60 km of the CAKR
coastline. While digitally mapping, we frequently referred to the ob-
lique coast photographs provided by the Alaska Shorezone Coastal
Mapping and Imagery tool (NOAA https://alaskafisheries.noaa.gov/
mapping/szflex/). We also utilized the long-term shoreline transects
established by Jordan in 1987 (pers. Comm) and conducted additional
measurements at five of their sites (three in BELA and two in CAKR)
during the summer of 2015 (for locations, see Fig. 1). At each long-term
monitoring site visited we measured from permanently installed survey
markers to the edge of the permafrost bluff, beach ridge, or foredune.
These field measurements closely matched our remote sensing

Table 2
Geomorphology classes and their distribution.

CAKR Beach ridges ~ Welded gravel bar ~ Permafrost bluff
Length of shoreline (km) 32.85 58.40 52.15

Percent of shoreline 2291 40.73 36.37

BELA Foredune Non-foredune Permafrost bluff

(barrier) (barrier)
Length of shoreline 165.45 63.30 115.35
(km)
Percent of shoreline 48.08 18.40 33.52
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measurements (R? = 0.74) with a maximum offset of + O.lZmyr‘l,

which we attribute to spatial variability in erosion along the shore (see
Table S2).

4.4. Sea-ice data

We obtained daily and bi-daily sea-ice concentrations for the period
1979 to 2016 based on Nimbus-7 SMMR and DMSP SSM/I-SSMIS
Passive Microwave Data from the National Snow and Ice Data Center
(http://nsidc.org/data/nsidc-0051). Five representative, 25-km?, near-
shore pixels were analyzed for BELA and three for CAKR (for locations
see Fig. 1). Sea-ice concentrations < 15% were considered “open
water”, assuming that sea-ice at or above this concentration would
dampen waves (Overeem et al., 2011). The first, last, and total number
of open-water days per year for each site's sampled pixels were aver-
aged to analyze annual changes in open water. Missing days were in-
terpolated to keep this measure consistent.

Mean daily fetch was calculated for each site using the same NSIDC
dataset. From (but not including) each sampled pixel, 250 km-long
bearings were cast at 10° intervals onto land-free regions. For each day,
the distance of unimpeded open water from the starting pixel was
measured along each bearing. The mean daily fetch of all site pixels was
combined to give an overall estimate of fetch. This method weighs
mean daily fetch by the frequency of available full-length vectors
reaching the coast, and is thus less susceptible to outliers than the more
commonly used, single-bearing method.

5. Results
5.1. Open water season

Analysis of trends in the seasonal coverage of nearshore sea-ice
show the open water season has increased by ~10 days per decade for
both BELA and CAKR since 1979 (Fig. 4a, b). In 2016, sea-ice breakup
occurred approximately two weeks earlier than it had in 1979, and sea-
ice formation in autumn occurred approximately six weeks later than in
1979. Trends in sea-ice decline are similar for both study areas, though
BELA exhibits a slightly greater increase amounting to two days per
decade.

The presence of sea ice controls maximum fetch for the shorelines in
both study areas, and between 1979 and 2016 the time interval when
fetch was > 250 km increased at both the beginning and end of the
open water season (Fig. 4c). Importantly, the largest changes in max-
imum fetch for both BELA and CAKR have coincided with the autumn
storm season (black bars in Fig. 4c). This means that storms are now
more likely to occur during the open-water season when there is suf-
ficient fetch for geomorphologically-significant waves to develop.

5.2. Coastal erosion and accretion along different shoreline types

Remote sensing data and ground-based observations indicate that
several different erosion processes are occurring, some of which are
specific to particular shoreline types. Erosion along permafrost bluffs is
primarily caused by thermo-abrasion (thermal and mechanical erosion
of permafrost by waves) and by thermo-denudation (thaw of sub-aeri-
ally exposed permafrost) (Are, 1988). Numerous thermoerosion gullies
developed in permafrost bluffs backing the BELA coastline between
2003 and 2014 and contributed to the erosion of these bluffs.

In contrast to permafrost bluffs, coastal dynamics along the barrier
islands in BELA does not involve obvious thermo-erosion, but instead
consists of three main processes that also occur widely on non-perma-
frost coastlines at lower latitudes: i) undercutting of foredune fronts, ii)
formation of overwash fans during storms, and iii) aeolian transport of
shoreface sediment inland across the barrier island.

Accretion within BELA was confined to the Cape Espenberg spit.
Although the absence of wave-modified vegetation lines made it


https://alaskafisheries.noaa.gov/mapping/szflex/
https://alaskafisheries.noaa.gov/mapping/szflex/
http://nsidc.org/data/NSIDC-0051
http://nsidc.org/data/NSIDC-0051
http://nsidc.org/data/nsidc-0051

L.M. Farquharson et al.

a

Marine Geology 404 (2018) 71-83

Fig. 4. Changes in sea-ice cover and resultant fetch in the

study areas between 1979 and 2016 for locations shown
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difficult to precisely map accretion along the spit, the time series of
imagery does reveal progressive welding of longshore sand bars onto
the accreting face of the extending spit (Fig. 3c).

Accretion in CAKR was more widespread and obvious than in BELA.
Along the ocean shore of Cape Krusenstern, seaward movement of the
vegetation line is consistent with ongoing beach accretion. During T3
(2003-2014), maximum rates of accretion were between 1.3 and
3myr~ ! along this shoreline.

5.3. Spatial and temporal patterns of shoreline change

Rates of coastal change varied widely between the two study areas
and during different observation periods (Figs. 5-8). In BELA, mean
rates of change were —0.68myr~' during T1 (1950-1980),
—0.26 myr~ ! during T2 (1980-2003), and —0.68 myr ™! during T3
(2003-2014) (Table 3) (negative values indicate erosion). In CAKR,
mean rates of change were —0.04 during T1 (stable when errors are
taken into account), —0.22myr~! during T2, and —0.13myr~!
during T3 (Table 3). Overall, the sandier shorelines in BELA had higher
rates of change.

y = 0.42x — 520.93, R2 = 0.27. C) Variations in fetch
for BELA (top) and CAKR (bottom) with red indicating
that the fetch exceeds 250 km. Black bars to the right of
the plot indicate the timing of the fall storm season. See
Fig. S3 for maps of the grid points used for fetch analysis.
The abrupt color contrast in 2008 is due to a change in
sensor from SSM/I (1987-2007) to SSMIS (2008-current).
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)
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250

200
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The variance in the rate of change in ES line position along the
transects provides an indicator of the spatial variability of coastal
change rates. Variance was higher during T3 than during either T1 or
T2 in both BELA and CAKR (Tables 3 and 4). F-tests indicate these
differences were statistically significant (p < 0.05) in all cases
(Table 4). Along with the variance, the widest range in rate-of-change
values occurred in recent years (2003-2014) along both shorelines. In
BELA, the range in rates of change during each survey interval was
2.59myr~! during T1, 2.01 during T2, and 4.79 during T3. In CAKR
they were 3.34 myr~ ! during T1, 3.83 during T2, and 6.54 during T3
(Table 3).

There are potential problems with comparing variances in rates of
change that are estimated from observation periods with different
durations (T1 30yr, T2 24 yr, and T3 11 yrs) (Dolan et al., 1991). The
most variable observation period (2003-2014) is also the shortest one.
To explore this issue further, we compared the variance in ES-rate-of-
change to the durations of observation periods for all possible pairs of
sample dates (1950-1980, 1950-2003, 1950-2014, 1980-2003,
1980-2014, and 2003-2014) using only those transect points having
values for all three observation periods (n = 562 and n = 373 in BELA
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Fig. 5. Shoreline changes (myr~') in BELA during the
three study periods: A. 1950-1980, B. 1980-2003, C.
2003-2014. Each histogram column depicts a transect
across the shoreline. Red bars indicate erosion; green
bars/points indicate accretion. In T1 and T2, green bar
height is increased 5x to make them more visible.
Yellow dots represent transects which were measured,
but where no change was observed. Transects are ar-
ranged from southwest to northeast. Background shading
corresponds to the color of the main coastal reaches
shown on the map: blue = barrier island; grey = per-
mafrost bluff; orange = spit. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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and CAKR, respectively). In both BELA and CAKR, the variability noted
during all observation periods was similar, except for the most recent
one. Observation periods that differ greatly in length show quite similar
variability. For example, sample variance was 0.15 in BELA for the both
the 64-year (1950-2014) and the 34-year (1980-2014) observation
periods (Table S1). Similarly in CAKR, sample variance was 0.07 and
0.09 for the 64-year (1950-2014) and the 34-year (1980-2014) ob-
servation periods, respectively (Table S1). We conclude that the recent
increase in sample variance in T3 is real and not an artefact of ob-
servation-period length.

The rate of shoreline change varied widely in BELA and CAKR over
the course of the three observation periods (Figs. 5-8). Mean rates of
change in BELA were highest (—0.68myr~') during T1 and T3
(Table 3). CAKR consistently experienced lower change rates, and in-
terestingly showed the highest mean rate of change during T2,
-0.22myr~ !, compared to —0.04myr~! during T1 and
—0.13myr ™! during T2 (Table 3). Paired t-tests showed that the mean
differences between T3 and the previous observation periods were
significant only in BELA during T3 compared to T2 (Table S3).

5.4. Rates of shoreline changes in different geomorphic settings

Erosion rates have varied alongshore and between different types of
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coastal geomorphology. Within BELA, a clear erosion gradient exists as
a consequence of longshore drift transporting sediment from the SW to
the NE. Along this north-facing barrier-lagoon system (Fig. 1), an in-
crease in offshore storm wave energy enhanced by a longer open water
season and onshore permafrost degradation seems to be driving the
more rapid shoreline erosion. (Fig. 5). At the same time, accretion has
occurred downdrift to the northeast on Cape Espenberg (Fig. 6). This
pattern has been accentuated over time, with T3 (2003-2014) ex-
hibiting the strongest alongshore gradient in erosion rates.

Within BELA, shorelines associated with barrier islands have ex-
perienced the greatest variations, with mean rates of change up to
—1.53myr~ ! occurring between 2003 and 2014 along low-relief
reaches of coast lacking foredunes in the supratidal zone. During T1,
T2, and T3, mean rates of shoreline change in areas lacking foredunes
were —0.82myr !, —0.59myr~', and —1.53myr ™", respectively
(Table 3). Along sections of coast with foredunes in the supratidal zone,
change occurred at lower rates: —0.86myr~', 0.34myr !, and
0.93myr~?! for T1, T2 and T3, respectively (Table 3). Interestingly,
shorelines backed by foredunes along the BELA coast exhibited the
maximum rates of change observed anywhere in the study:
—4.79myr~ ! during T3. In contrast, ice-rich permafrost bluffs eroded
more slowly, with a maximum change rate of only —0.51 myr~* be-
tween 1950 and 1980. Over the course of T1, T2, and T3, mean rates of
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Fig. 6. Shoreline change (myr~') in CAKR during
each of the three study periods: T1, 1950-1980, T2,
1980-2003, and T3 2003-2014. Each histogram
column depicts a transect point along shore. Yellow
dots show where change was measured at Omyr~'.
Transects are arranged northwest to southeast. Colors
in the background correspond to the main types of
coastal  geomorphology:  pink = gravel  bars;
grey = permafrost bluffs; blue = welded gravel bars
and beach ridges; green = spit. (For interpretation of
the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 7. Rates of shoreline changes in BELA for the main geomorphic landforms present there during T1, 1950-1980, T2, 1980-2003, and T3 2003-2014. Data are

binned in 0.1 myr~! increments.
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Fig. 8. Rate of shoreline change in CAKR for the main classes of coastal geomorphology. A) 1950-1980, B) 1980-2003, C) 2003-2014. Data are binned in 0.1 myr "

increments.

1 —0.18myr_1, and

change along permafrost bluffs were —0.51 myr~
—0.32myr "}, respectively.

In CAKR, the spatial distribution of rates of shoreline change has
been more complex than in BELA, and no long term alongshore gradient
in erosion/accretion rates was observed. Sediment deposition and
shoreline progradation occurred mainly on the outer shore of Cape
Krusenstern lagoon where both erosion and accretion were most rapid
during T3, and slower during both T1 and T2. Overall, permafrost bluffs
exhibited the highest mean change rates (—0.16, —0.30 and
—0.20yr ! for T1, T2, and T3 respectively) of anywhere in the CAKR
study area, yet the maximum rates of change (—3.57myr71) were
observed along shorelines backed by beach-ridge plains adjacent to
tidal inlets (Fig. 3d) during observation period T3.

6. Discussion
6.1. Observed changes in coastal dynamics at BELA and CAKR

Since 2003, coastlines in the southern Chukchi Sea have become
more dynamic compared to the previous 53 years in terms of both
shoreline erosion and accretion. A likely cause is the increase of
~10 days per decade in the open-water season and the corresponding
increase in the time available for wave energy to do geomorphic work
along these shorelines.

The increase in erosion rates has not occurred in a linear fashion. In
BELA, erosion rates and the variance in these rates were high between
1950 and 1980, lower between 1980 and 2003, and then increased to
their highest values between 2003 and 2014. In contrast, CAKR ex-
perienced highest rates of shoreline change between 1980 and 2003.
One possible, but so far untested explanation for this fluctuating, up-
ward trend in erosion rates is change in the frequency and intensity of
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storms (Barnhart et al., 2014a).

As Lantuit et al. (2012) point out, changes in subtidal permafrost
can play crucial roles in determining geomorphic changes onshore. We
have no information on changes in the subtidal zone of the study areas
that may have occurred simultaneously with changes in the intertidal
and supratidal zones there. A distinct possibility exists that subtidal,
nearshore features such as sand bars may be responding more rapidly to
changes in wave-climate than the subaerial landforms mapped in this
study.

6.2. Geomorphology, geology and exposure drive variability in erosion rates

Shorelines in BELA and CAKR have responded differently to changes
in sea-ice conditions during the past 64 years. CAKR shorelines have
been less affected than those in BELA, both in terms of the variance and
the mean rate of shoreline change. This difference may be due to sev-
eral factors. First, the sandy beaches and foredunes of BELA require less
energy for sediment transport and erosion than those of the CAKR
shoreline. Second, the barrier island and spit shorefaces in BELA are less
steep, which enables wave energy to travel further onshore. Third, the
orientation of the BELA coastline allows the predominately north-
westerly winds to set up east-flowing longshore drift. Forth, BELA's
northerly aspect creates a fetch > 1000 km during summer months,
with the seasonal window for this large fetch increasing as sea-ice cover
has declined. In contrast, CAKR shorefaces are steeper and composed of
coarser sediment that requires more wave energy to erode or transport,
and typical fetch at CAKR is only ca. 300 km due to its predominately
westerly aspect.
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Table 3
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Summary statistics for all times slices for BELA and CAKR. Abbreviations for shoreline types are as follows: PB, permafrost bluff; B, barrier island; FD, foredune; GB,
welded gravel bar; BR, beach ridge. Note that the variances in Table 4 differ slightly from those in this table because the values in Table 4 include only those transects

with data available for both time slices. Negative values indicate erosion.

Study site 1: BELA 1950 to 1980

1980 to 2003

2003 to 2014

ALL PB BI FD ALL PB BI FD All PB BI FD
Ice content N/A High Low Low N/A High Low Low N/A High Low Low
Mean —0.68 —0.51 —0.82 —0.86 -0.26 -0.18 -0.59 —-0.34 —0.68 —0.32 —-1.53 -0.93
Standard error 0.01 0.01 0.03 0.03 0.01 0.01 0.04 0.02 0.02 0.01 0.06 0.03
Median —0.61 —0.51 -0.78 —0.82 -0.17 -0.13 -0.57 —-0.27 —0.47 -0.21 —-1.35 —0.88
Mode —0.01 —0.01 —0.55 -0.37 0.00 0.00 0.01 0.01 0.00 0.00 —1.46 0.01
Standard deviation 0.46 0.35 0.34 0.54 0.31 0.21 0.47 0.33 0.73 0.35 0.89 0.74
Sample variance 0.21 0.12 0.11 0.29 0.10 0.04 0.22 0.11 0.53 0.13 0.80 0.54
Kurtosis 1.36 -0.20 0.14 0.34 3.73 4.37 —0.48 1.28 2.77 1.62 0.27 0.66
Skewness -0.97 —0.49 —0.64 —-0.80 -1.78 -1.78 —0.48 —-1.21 —1.53 -1.32 —0.92 —-0.74
Range 2.59 1.73 1.72 2.58 2.01 1.35 1.85 1.74 4.79 1.92 4.24 4.79
Minimum —-2.59 -1.73 -1.73 —-2.59 —2.00 -1.35 —-1.84 -1.73 —4.78 —-1.92 —4.23 —4.78
Maximum 0.00 0.00 —0.01 —0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01
Count 1067 544 147 376 1813 1155 176 481 2022 1092 255 675
Study site 2: CAKR 1950 to 1980 1980 to 2003 2003 to 2014
ALL PB GB FD ALL PB GB FD ALL PB GB FD
Ice content N/A Medium Low Low N/A Medium Low Low N/A Medium Low Low
Mean —0.04 -0.16 —0.03 0.04 —-0.22 -0.30 -0.11 —0.24 -0.13 -0.20 —-0.14 0.03
Standard error 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.03 0.01 0.02 0.02 0.04
Median —0.05 -0.10 0.00 —0.02 -0.14 -0.20 —0.06 -0.12 —0.06 —0.04 -0.11 0.06
Mode 0.00 0.00 0.00 —0.06 -0.19 0.00 0.02 -0.19 0.00 0.00 -0.23 0.16
Standard deviation 0.34 0.19 0.25 0.30 0.40 0.42 0.29 0.45 0.51 0.44 0.44 0.70
Sample variance 0.12 0.04 0.06 0.09 0.16 0.18 0.08 0.20 0.26 0.19 0.20 0.48
Kurtosis 12.20 3.45 3.98 2.50 12.37 17.84 3.36 1.90 14.54 22.44 19.23 6.00
Skewness 1.95 -1.70 —1.48 —0.06 —-2.75 -3.80 -1.31 —1.45 -1.69 —4.38 —2.46 -0.37
Range 3.34 1.02 1.72 2.09 3.83 3.05 2.16 2.53 6.54 3.30 5.57 6.24
Minimum -1.11 —-1.02 -1.11 -1.07 -3.05 -3.05 —-1.66 -1.75 -3.57 -3.30 -3.57 -3.27
Maximum 2.23 0.00 0.61 1.02 0.78 0.00 0.50 0.78 2.97 0.00 2.00 2.97
Count 870 377 347 146 1323 579 472 272 1373 506 580 273
Table 4 the rates of —1.53myr ! along barrier-island shorelines in BELA be-

F-tests of the equality of variances in erosion line change between time slices.
F = variance A /variance B; n is the raw sample size, the count of DSAS
transects with erosion line data available for both time slices; df is the degrees
of freedom adjusted for spatial autocorrelation df = (n/40) — 1, the factor of
40 accounts for the observed spatial autocorrelation out to a maximum of
2000 m, between DSAS transects spaced at 50m; p is the two-tailed F-test
probability. Note that the variances in Table 3 differ slightly from those in this
table because the values in Table 3 include all transects, while this table in-
cludes only values for transects which were measured across all time slices.

Time slice A Time slice B Variance A Variance B F n df p

BELA T3 BELA T1 0.52 0.21 2.50 930 22 0.04
BELA T3 BELA T2 0.45 0.12 3.85 1587 39 0.00
CAKR T3 CAKR T1 0.28 0.10 279 1151 28 0.01
CAKR T3 CAKR T2 0.28 0.10 2.85 1151 28 0.01

6.3. Rates of change in NW Alaska compared to elsewhere in the Arctic

The coastal dynamics we describe from the southeast Chukchi Sea
are somewhat similar to those described for other Arctic coastlines.
Hershel Island in the eastern Beaufort Sea has clastic shorelines of
permafrost bluffs and a gravelly spit that exhibit rates of geomorphic
change similar to BELA. Between 1950 and 1970, mean rates of
shoreline erosion on Hershel Island were —0.6myr ', but between
1970 and 2000 rates of erosion slowed to —0.5myr~*. Between 2000
and 2011, erosion rate increased again to —1.3myr ™' (Radosavljevic
et al., 2016). The rates of barrier-island erosion in BELA are also similar
to those observed along the Beaufort Sea coastline of Alaska where
exposed barrier islands eroded at an average rate of —1.3myr ™! be-
tween 1980 and 2010 (Gibbs and Richmond, 2017). This is similar to
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tween 2003 and 2014. Along barrier systems on the Tuktoyuktuk Pe-
ninsula in Canada, a slightly more rapid rate of erosion of up to
~3m yr_1 occurred between 1950 and 1980 (Hequette and Ruz, 1991).

In contrast to ice-rich permafrost-affected coastlines that are
dominated by erosion, recent research on paraglacial coasts in
Greenland and Svalbard has described an increase in increased sedi-
ment accumulation (Bendixen et al., 2017; Strzelecki et al., 2018). In
both these regions, warming since the 1980s has resulted in increased
glacial run-off and sediment transport that has contributed to the
growth of both deltas (Bendixen et al., 2017) and spit systems
(Strzelecki et al., 2018).

Ice-rich permafrost bluffs in our study areas are eroding more slowly
than those in other regions. Mean erosion rates of low (< 3 m), ice-rich
permafrost bluffs at Drew Point on the Alaska Beaufort Sea coast
reached 13.6 myr_1 between 2002 and 2007 (Jones et al., 2009),
which is 45 X faster than the rates we observed in BELA between 2003
and 2014. In the Laptev Sea, erosion rates along 20-meter high, ice-rich
permafrost bluffs averaged —3.4 + 2.7myr~! between 2010 and
2013 (Giinther et al., 2015), which is around 10 X faster than bluff
retreat observed in BELA. These regional variations in coastal erosion
can be caused by a variety of factors including the height of the back-
shore, variations in beach geometry, differences in nearshore bathy-
metry and sediment budgets, and changes in fetch caused by declining
sea-ice cover (Lantuit et al., 2012).

6.4. Trajectories of coastal change in the Chukchi Sea

Although shorelines in the southeast Chukchi Sea have become in-
creasingly dynamic over the last 50 years, they have yet to experience



L.M. Farquharson et al.

Marine Geology 404 (2018) 71-83

Geomorphologically significant

wave events

Thawing degree days

A. onshore
o Sea level rise
wv
£ 0
g5 : ~
S8 _ Length of time sea-ice
- affords protection from
B. . erosion
£ Major
2g disturbance
8 &
! 1 ¢ > ¢ > 1 A — i
C. 1g1 : Y| Relaxation &' !
2 Relaxation back towards a | €1 | L
' S| equilibrium 8.' back towards | Q | Barrier island
° Lo ¢ & equilibrium | § disintegration?
£ e < [ \lnterrupted 1%
Lo | I
= | I
< c
Na | | Runaway permafrost-
o | ! bluff erosion?
& ! '
[
1 — [
_________________ equilibrium _ _ _._ _ _ _ _ ______
Time

Fig. 9. Conceptual diagram illustrating the potential, cumulative effect of climate change on the study coastlines. A) Key climate change-related factors and their
projected changes over the coming century (Stocker et al., 2014, Panda et al., 2016). B) The frequency of disturbance events will increase over the coming century in
response to the cumulative impacts of the forcing factors. C) Impact of the disturbance events on coastal geomorphology. While regularly spaced disturbances allow
coastal systems to respond and then relax back to equilibria, an increase in the frequency of disturbances reduces the amount of time a system has to regain
equilibrium. Eventually this forces a stable coastal system into a new geomorphological state.

significant geomorphological shifts in response to sea-ice decline. The
pre-existing late Holocene coastal landforms show no sign of being
suddenly altered or radically modified by the changing sea-ice regime.
However, we predict that, as the open-water season continues to
lengthen, shoreline geomorphic processes in BELA and CAKR will begin
to change more rapidly. Shorelines now characterized by erosion will
see erosion rates increase, and shorelines now experiencing sediment
deposition will accrete even more rapidly.

Shorelines in BELA and CAKR appear to be resilient to not just to
changes in the sea-ice regime but also to changes in climate and in RSL;
however, it is possible that significant geomorphological thresholds will
be crossed in the next 50-100years (Masselink et al., 2016; Moore
et al., 2010; Slott et al., 2006). We infer that these shorelines are being
pushed towards major, geomorphic thresholds by five interacting fac-
tors: warming ground, air, and ocean temperatures; sea-ice decline;
relative sea-level rise; changes in the frequency and tracks of storms;
and changes in the wave regime caused by all of the above (Fig. 9).
Geomorphic systems tend to recover from disturbance events like se-
vere storms by relaxing back towards their prior, equilibrial states
(Woodroffe, 2002); however, if the overall energetic state of a coastline
is progressively increasing through time, it may be pushed towards or
over a novel geomorphological threshold. In the case of the BELA and
CAKR shorelines, we speculate there are two key thresholds: 1) the
disintegration of barrier islands in the southwestern reach of the BELA
coast caused by increased or interrupted longshore transport combined
with rising sea level; and 2) runaway thermokarst erosion of coastal
bluffs in BELA as rising sea level and the erosion of barrier islands ex-
poses ice-rich uplands to direct wave action over an increasingly
lengthy, ice-free season (Fig. 10).

Barrier islands in southwest BELA presently show the highest ero-
sion rates in the study region, primarily due to sediment erosion and its
transport towards the northeast. As the open-water season lengthens,
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sediment erosion along BELAs barrier islands and transport to the NE
will operate over longer intervals. In addition, a rapid rise in sea level
will increase the tidal prism, which on the coastline of the eastern USA
has led to an increase in the amount of sediment captured in lagoons,
leading to the depletion of sand supply for islands further down the
barrier island chain. This in turn has starved those downdrift islands of
sediment, which triggers increased erosion and results in narrower and
more segmented barrier island system (FitzGerald et al., 2008). The
fragmentation of barrier islands in BELA could then expose ca.100 km
of ice-rich permafrost bluffs to open water and possibly change both the
rate of shoreline retreat and the coastal sediment budget.

Once stripped of the protection afforded by the barrier islands, ice-
rich permafrost bluffs could experience a positive feedback in the rate
of erosion that is unique to polar regions. Typically, shoreline response
to rising RSL and/or increased wave attack involves re-equilibration of
the entire shoreface profile as the eroded sediment is transferred off-
shore, where it aggrades vertically and re-establishes the pre-existing
equilibrium profile of the shoreface (Bruun, 1962; Are and Reimnitz,
2008). Subsequently, the overall beach profile tends to move landward
and upward simultaneously. However, if unconsolidated, ice-rich se-
diment underlies the supratidal zone, a slight rise in RSL or increase in
wave energy can push the shoreline far out of equilibrium because the
melting ice deflates the ground surface without supplying the lower
shoreface with sediment (Fig. 10). As a result, shoreline retreat needs to
continue much farther inland in order to acquire sufficient sediment to
re-establish an equilibrium profile. It follows that although Arctic
beach/shoreface profiles conform to the same power function as lower
latitude coasts (Are and Reimnitz, 2008), their rate of retreat in re-
sponse to the same increase of RSL or wave attack may be far greater.
While shoreline response will likely be complicated further by the in-
fluence of sea-ice and permafrost on sediment availability and sediment
transport capacity, this conceptual framework provides a useful
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Fig. 10. Conceptual model of thermokarst-accentuated Bruun retreat along an ice-rich, permafrost-affected shoreline. In the absence of ground ice, a rise in sea level
results in a relatively small amount of landward movement (R,, corresponding with T2). In contrast, the scenario in red shows how the presence of ground ice results
in the sea moving further landward (Rs, corresponding with T2). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
Modified from FitzGerald et al. (2008).

platform to explore potential trajectories of coastal change. This ther-
mokarst-accentuated retreat may underlie the rapid retreat of ice-rich
bluffs now underway along the Beaufort Sea where erosion rates cur-
rently exceed 13 myr ! (Jones et al., 2009). If ice-rich yedoma bluffs in
BELA lose their sheltering barrier islands, they could experience simi-
larly rapid rates of retreat.

7. Conclusions

This study quantifies the temporal and spatial patterns of geo-
morphic change along an Arctic coastline that is rapidly losing its sea-
ice cover. Results illustrate the geomorphic and temporal complexity of
coastal responses to ongoing climate change during the past 60 + years.
Specifically:

® Sea-ice cover in this part of the Chukchi Sea has decreased ~10 days
per decade since satellite observations began in 1979, and the in-
creasing duration of open water has led to an increase in the amount
of wave energy available for sediment erosion and transport on and
along the shoreline.

e Coastal geomorphology is changing more rapidly in recent years due
to increased rates of both erosion and accumulation. The extent of
these changes varies markedly between different coastal reaches and
landforms. Low-lying shorelines of sandy barrier islands in BELA
experienced a net change of —1.53 myr ™! between 2003 and 2014.
In contrast, gravel barrier beaches in CAKR are more stable, chan-
ging at a mean rate of —0.13 m yr ™~ '. Rates of change along ice-rich
permafrost bluffs in BELA were —0.3myr~ ' during the 2003-2014
period, which is slow compared to other shoreline types in the study
area and to shorelines with similar geomorphologies in other re-
gions of the Arctic (Giinther et al., 2015; Jones et al., 2009).

e To better predict coastal change in the southeastern Chukchi Sea,
beach processes need to be tied to environmental forcing factors
with more confidence. This requires investigations of geomorphic
changes at an annual to sub-annual time scales both onshore and in
the subtidal zone.
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